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ABSTRACT

The analytical formulae for electroweak radiative cor-
rections to the total cross section of ptu~ pair pro-
duction in ete™ collisions are derived for the various
inclusive experiments. Calculations are periormed
around the Z° peak within the terms of order

E'Ez D(i)
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1. INTRODUCTION

As it is well known the Standard SU(3)c X SU(2), X U(1) Model
(SM) of the strong and electromagnetic interactions works excee-
dingly well phenomenologically in describing a large body of experi-
mental data, see e. g. Ref. [1]. However, the theorists remain un-
happy even in the face of such a success of the SM, because it is
not a fundamental theory and is universally thought to be incomp-
lete. The SM involves too many parameters and does not provide
satisfactory answers to the famous gentleman set of the «grand
questions». Any extension of the SM (extended gauge models
supersymmetry, compositeness, etc.) in one way or another leads to.
the appearance of new dynamical degrees of freedom.

Besides the direct experimental searches for the new fundamen-
tal elements, the manifestations of possible new physics may be dis-
covered by the precise measurements of some observables whose va-
lues are predicted unambiguously in the iramework of the SM. The
credibility of such an indirect approach rests strongly on one’s abi-
lity to perform the calculations in a reliable way and with the high
ennough accuracy. el

An important role in the realization of the program of stringent
testing of the SM should be played by the high energy ete . colli-
ders SLC and LEP, and in the first place in the experiments at the
«ZY factory», see e..g. Refs [2, 3]. In particular the measurements
in the resonance region provide very detailed information on the
properties of the meutral intermediate vector boson Z" itseli.

Thus, owing to the expected high precision of the measurements
of the Z" parameters [2, 3]
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the possibility arises to perform the comparison with the theory at
the level of one-loop electroweak radiative corrections (RC). These
corrections are sensitive both to the gauge structure of the theory
and to the eifects of the new fundamental objects (quarks, leptons,
standard and nonstandard Higgs bosons, SUSY partners, new W,
Z', etc). Therefore, their experimental analysis (even before the di-
rect observation of the three-gauge WWZ vertices and new objects)
opens up a new area of testing the theory beyond the tree level.

In order to supply the precision measurements with the theoreti-
cal predictions of equivalent accuracy it is necessary to take into
account consistently the RC and in particular the QED effects much
deforming the shape of the resonance line, see e. g. Rels [2, 4, 5].
Recall that these effects decrease, in particular, the height of the re-

sonance maximum, shift its position to the right by the quantity
AM; ~B(M;)T,, where '

p=t2 (10 L _ 1),

I, 2

B(M,) =0.108

and the so-called radiative tail arises on the right side of the Z°.
Leptonic process

ete " —>ptp~+X. (1)

(X represents any number of photons, extra pairs of leptons may or
may not be included depending on the experimental conditions) near
the Z” is of prime interest since here the ambiguities due to stropg
interaction effects are minimal, and the cleanest test oi the electro-
weak theory can be performed.

In this paper we calculate for the minimal SM the RC to the to-
tal cross-section of the process (1) under the different experimental
conditions in the energy range of the incoming beams 2F = W

I W—M;
i . MZ

|=H€D.l, (2)

correépmnding to the primary experiments at SLC and LEP, see
Refs [2, 3, 6].”

) As it is shown below in this energy region expressions for the RC are essen-
tially simplified (for details, see Ref. [7]).
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The plan of the paper is as follows. In Sect. 2 we present the
general formula for the inclusive cross-section of p™u™ production.
This formula is written in terms of the so-called electron structure
functions. The so-called hard cross-section o,,, is calculated in
Sect.-3. In Sect. 4 we present the final analytical formulae for the
cross-sections for the different experimental conditions.

- The explicit expressions lor some quantities used in the paper
are collected in Appendix (for details, see Rel. [7]).

2. INCLUSIVE CROSS-SECTION OF THE p '~ PAIR PRODUCTION

To provide the required accuracy in RC calculations we need to
account for the four types ol contributions:

1) the sum of the so-called -double logarithmic terms
~(pIn E/AE)", where AE is one of the quantities: o —the beam
energy spread, I'y, | W—M,| or the other characteristic of the
experimental energy resolution;

) terms of order B*;

terms of order f;

terms of order a/n~0.23% (neglecting the terms ~xa/m).

= G0 D

Electroweak RC to the process (1) were discussed in many pa-
pers adopting different strategies and various degrees of accuracy,
see e.g. Refs [8—20]. However, up to now the combined account
for the all four types of contributions has not been performed. The
above-mentioned papers are naturally subdivided into two basic
groups: the papers [8—14] where only the QED effects are consi-
dered and those [15—20] where all the electroweak RC are calcu-
lated but only at the one-loop level.

Calculations of the RC of types 1—3, connected with the emissi-
on from the initial legs, can be performed analogously to the paper

by Kuraev and one of the authors [21], see also Ref. [11]. Using

the factorization of the electron mass singularities one may present
the total cross-section corresponding to Fig. | in the form:

b
o W*) = 5 S dx,dx; D(x,, W) D(xs, W% o, 4(%1x: W?) , (3)

E| &2 L




Fig. 1.

where D(x, W) is the so-called electron structure function, being
calculated in Ref. [21] with the required accuracy.”

Variables x;, x» are connected with the total energy &, of par-
ticles produced in the hard process and the component &, ol their
momentum parallel to the electron beam direction by the relation

I. ?[ii?"
e 5
2 E

(4)
the limits of integration €,, e; are determined by the experimental
conditions.

Ouara (G°) 15 the so-called hard cross-section. In the explicit form
of 0,,,4(g?) there are no electron mass logarithmic singularities,”™ if
one represents this cross-section in terms of the «runnings coupling

s e
e e 5
(P(g*) = Re Il,;(g") is the real part of the photon vacuum polariza-
tion operator).
It is convenient to write down the cross-section obu,(¢?) in the
one-loop approximation in the form:
Ohara(q”) = 00lq?) (1 +2P(g") 4-8") (5)

where o(g?) is the Born cross-section

' Function D(x, W?) includes the effects of soft photon bremmstrahlung in all or-
ders of the perturbation theory. It is described by the simple enough analytical
expression unlike the formulae presented in Rel. [11] where the emission was ac-
counted for only up to the second order. Analogously to Rel. [21] we have neglected
the production of extra p*p~, t*t~ pairs and hadrons.

**) Strictly speaking, o0y,s may contain the logarithmic terms connected with the
final particles, see Sect. 4. In the total inclusive cross-section for the muon pair
production such terms are absent.
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)) +(a2 +vl)2q 1 Ag?) 7). (6)

oo(g?) = “;‘: (14207 Re(g?Aq”

Here A(g?) is the resonance propogator,”

2_
pe=2=1. g=— L (7)

4sc 4s5r

where

c=My/M;, s=1—c (8)

s=sinly) ,

(c=rcos Oy ,

The relation (5) is presented in such a form that the cnrrectlon
8" does not contain the electron mass Smguidrltv Since l-{—QP(q )
is the first terms in the expansion of a?(¢*) /e’ and terms ~a P(q?)
are here neglected, the hard cross-section o, can be rewritten in

the form:

Al Sl D) N0 (9)

(1—P(g%)

Thus the problem reduced to the calculation of the one-loop
correction 8"

' We use the tollumng definition of A(g®) (for details, see Ref. [7]):
A~ g% =(g? —ﬂ’fz,H‘m—q'[vu—fﬂ:'+iwz I2(¢%) . 1,(g%) =Ty +(g* — Mz) X

Mo
Xm;{,;i@ Other definitions of M,, T, (see e. g. Ref. [19]) differ by quantities
Mg

ﬁ'Mz IﬂrM‘/ ""—"Elrzfrz -"'-"'_'.\'.2
Ref. [7]. At M; =92 GeV < 2m; and sin®8y =0.23 we have

ImEf{_’Mﬁ)zﬂlzﬂ.ﬁl+1D"'2, and with the required accuracy the second term in
A '(g*) can be dropped (corrections da/c~0.1%). The width I'; will be determined
from the fit of the experimental curves and should be compared with the SM predic-
tions, see Rels [17, 19, 30, 31].

Remind that an extra sequential neutrino increases I'; by about 170 MeV and the
total width measurement is a simple and effective probe of the new physics.

Note also that it is of importance to compare the top mass measurements with the
precise results on M,. The point is that in the iramework of SM the allowed regions
of m; and M, are correlaled and the deviations may indicate the presence ol new

degrees of Ireedom.

where

The explicit forms of Im 2} (M3), Im._.f'Mz,} are given in

Im ]} [\rI_gJ ~ —EB.10-3
M3 ;




3. CALCULATION OF THE HARD CROSS-SECTION o,

Using eq. (3) it is easy to see that for finding o.., one should
calculate the one-loop order RC to the total cross-section o(g?) and
subtract from it the right-hand part of eq. (3), where the Oparg @nd
Dnﬂ? of the D-functions are taken in Born approximation (Dhurg == 00,
D® =8(1 —x)) and another D-function is taken in the one-loop
approximation.

Note that owing to the condition (2) the one-loop RC to the to-

tal cross-section of the process (1) reduced only to the self-energies
and the vertex corrections and to the contribution of the emission
from the initial and final particles without account for their interfe-
rence. The point is that the contributions from the interference be-
tween the lowest-order diagrams and the so-called box diagrams as
well as the other possible interference terms prove to be of the
order of xa/n or ve.a/n (v.< 1), and can be neglected here, see
Refs [7, 19, 22].
Thus we have with the required accuracy

2 ;
6" = = (Au+40) + 85k —2P(g?) , (10)

where

| 3
A == A 2 o= —
m v 1 T+ 5 A=

L(“« St | 11
1 f1(e}+}+73*, (11)

2 2
Aig=—2In 15 (L—O)+ L +L+4(5~1), l=en, (12)

2
f.=In Eq;—, A is the fictious photon mass introduced to regularize the
1 ]

infrared divergences. The term &), in the right-hand “side of

eq. (10) corresponds to the account for the virtual one-loop RC.
The term E—H?—A,l is connected with the emission from the final rhuons,

2 g AT .
;Ag is the contribution of the “initial particle emissidn without the

part that has been already included in the structure functions
D(x;, W*). | o ot
Each term in eq. (10) taken separately contains both the infra-
red and the collinear singularities. However, in the sum (10) the
contributions proportional to A, Ay, are cancelled together with
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the electromagnetic vertex parts included in 8\ . The term (—2P)

in the right-hand side of eq. (10) is cancelled with the vacuum po-

larization contributions included in 6{,52; As a result, the cross-sec-
tion 6, (see eqs (9), (10)) contains only the hard noncollinear
contributions.

The calculations of the self-energies and the vertex corrections
in various renormalization schemes have been performed by several
working groups, see Refs [15, 23—30]. We shall adopt here the
on-shell renormalization scheme (see Rei. [24]}) where the masses
My, M,, My, m; of the gauge and Higgs bosons and of fermions
are used as the physical parameters together with the electromagne-
tic fine structure constant c.

In this scheme, by definition, Uge tree level relation for the weak
mixing parameter sirlgb‘\w,:l-—%‘; remains. Inside the on-shell

¥

scheme itself we fix the renormalization procedure adopted in
Rei. [28] to have the possibility of comparing the intermediate re-
sults with other papers.

With 8, calculated and substituted into eq. (10), the final ex-
pression for the hard cross-section is given by

R b e T Uﬂ{q?] Irl' '5[1] 13
Uﬂard(q }—Gil{q }ll +'5]| S “ -—P{rﬂﬁ]}z L + ::' » { }

where 8% =8, 49..

by =2 [ MM, M) — 5,

Ao (M3, My) +

x L16s%c? s
.2 P 2 1
+3 AdME, M)+ 2+ ] (14)
5 b :
s M
M [E-ﬁ' (M2) — =)
z"l".I‘?_'
(1—25%) (Z7(My) | 25 BF(0)  Zr(Mp) 15
i S 3 ( P —I__ - e 2 o { ,]
5 !"I"Tw:' C ;’1’{5 ."wx

- g T S N O e
Here and below 27(¢?), 2M¢q%), 2r (¢*), £f(¢°) are the nonrenor-

malized seli-energies for the Z—Z, y—y, W— W, y— Z propogators

AR Z-{
respeclively, determined analogously to Ref. [28]; ¥ EF% Ao,

Az are the func'tions'urigiﬂatﬁd from the calculation of the vertex
corrections, see Ref. [28]. .-EQ{ME,MEJ is connected with the diagram

9




of Fig. 2,a, Ay(M;, M) with the diagram of Fig. 2,b and As(M;, M)
with the diagram oF Fig, 2.

2

The term %(%——I—;—) in the right-hand side of eq. (14) is of

the pure électmmagnetic origin, cf. eqs (10), (11). The term 0. ari-
ses owing to the renormalization of My, M,, « from their bare va-
lues to the physical ones: My, M, and a(M;).

a) é) c)
Fig. 2.

The functions As, Az, 8. are given in the Appendix. Some devia-
tions from the results of Refs [16, 28] are indicated in Ref. [7].

The expression for P(M;) includes the known contributions from
the leptons, W-bosons and hadrons

PPk Py +Pi. . {6
In the minimal SM
i sl M b

Py= ﬁ [(3+4c"*) (2—21!4(:2—1 arctg -\;"4.::12 —T) e %] (18)

Unlike the terms P;, Py, the hadronic contribution P, can not be
calculated analytically because of the strong interaction ambiguities.
This contribution has been considered in details by several authors,
see e. g. Refs [26, 30]. We shall use here the value presented in
Ref. [30]

Py=0.0286 . (19)

The quantitieé P, Py, A2, A3 do not depend on the unknown
(for the time being) parameters m,, My. We shall present here the
numerical results calculated for

10

M;=92 GeV, sin’f,=0.23. (20)
& AfMZ, Mz)=009-10"% —— AfMz, My)=—06-10""
16ns2c? i i i 2ns® B : !
Jac? 2 —3 o ey
< As(MZ, My)=—0.68-10"%, P=315-10"% Pyp=0.05-10"" (21)
P : :
Then

P=6.06-10"2, &,=—0.36-10"2 (22)
As it follows from egs (21), (22) and formula (13) the

cross-section 6,,, is sensitive within the required accuracy to the

corrections connected with P only. , -
The correction 8, can be represented as the sum of three terms:

§:=5" 181 4-8¥ . (23)

Here 8 is the contribution of the known leptons, quarks and gauge
bosons, the term 8/ is connected with the Higgs boson contribu-
tion, the term 6;” originates from the (¢, b) dublet.

For the parameters (20) c

5¥ =1.88-10"% (24)

The corrections 8. and 8 as the functions of M, m, are plot-
ted in Figs 3, 4 respectively. Fig. 5 illustrates the dependence ol 6
on m,; at M; =100 and 800 GeV.

4. INCLUSIVE MEASUREMENTS
AND FORMULAE FOR THE CROSS-SECTIONS

As it has been already mentioned, theoretical ambiguities due to
strong interactions are minimal for the leptonic process (1). Be-
sides, this process has the important advantages connected with the
background situation and with the high triggering efliciency, see
e. g. Rel. [32]. .

The inclusive measurements of the cross-section of the process
(1) near the Z° can be made under .various experimental conditions.

Let us at first discuss the case when only events without extra
charged leptons are selected experimentally.

Using the variable x via the relation

Xixp=1—x (25)
11
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after the integration of eq. (3) at fixed x one obtains the expression
for an inclusive (over photons) cross-section

V(WA =" dx Ouaral(1 —x) W) Filx, W?), (26)
Q0
where
3 1= £
Fi(x, W9 =5 Sdm dxs 8(1 — x — x1x3) DV (%1, W2) D (xa, W?) . (27)
oo

Here D" (x;, W?) are the electron structure functions without regard
to the contribution of the real e*e -pairs. The integral (27) has
been calculated in Ref. [21], the explicit form for Fi(x, W*) is
given by

pi =g 1 3 - (5 4= )] o= 5+

1
i

+E Jaz—0 n L+ —(430—0) In ———6+x].  (28)
T Sy x x : L :

The term ~P*L. in the right-hand side of eq. (28) arises from
the electron contribution to the vacuum polarization. In the totally
inclusive cross-section the terms of such a type should cancel each
other.

8
o.anjl
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Fig. 5. Total electroweak correction § as a function of m; for My =100 GeV and
M, =800 GeV.
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The upper integration limit x,, and the magnitude of the hard
cross-section ), in eq. (26) depend on the experimental conditions.

Ii the experimental constraints are absent x,, is determined by
kinematics only: (1 — X, ) W’Zzﬂlmi.

Owing to the prohibition of the real eTe™-pair production by the
final muons the logarithmic corrections might appear in the expres-
sion for ,,,,. However, numerically these corrections turn out to be

of the order of EEQU.[% and we shall drop them here.
]

Nevertheless, the application of g, in the form of eq. (13)
leads to the relative error roughly equal to 2% near the lower limit
of the energy interval (2), where this error is maximal (in the
cross-section maximum the error is of the order 0.1%). The error
appears since eq. (26) contains integration over energies but the ex-
pression (13) gives o, only for the energy range near the 22

To make this error lower than 0.1% it is enough to account for
the energy dependence of the photon vacuum polarization P(g*) and
for the low energy behaviour of the photon contribution to the total
cross-section, see Ref. [7].

Thus the inclusive (over photons) cross-section is given by for-
mula (26), where

3
4m;

xmaxil_F (29}
and
wEE oolg”) iy (1)
Shard(9") =TT pa7)? (R(g)+6"") , (30)

The cross-section @o(g?) is given by formula (6), where

ST S 2__ M
A=Yg%) =q°— M; +iM; (rz+ - g C')’

1

C,~251-10"2 (fm mi> ”"-3), . (32)

see the footnote in Sect. 2.

The above version of the inclusive measurement of the cross-sec-
tion of the process (1) is not free irom shortcomings.

First of all, the essential contribution to the cross-section origi-

14 .

nates from the region of energies in oy, much lower than M,
where the uninteresting photon mechanism dominates. Secondly,
there are purely experimental difficulties since one should tune out
irom the various QED background processes with the production of
extra eTe™ -pairs.

The most important is the reaction of p*u~ pair electroproduc-
tion due to the so-called double-photon mechanism (see Fig. 6,a) or

E-l- €+ j" et
? + 5 ﬂ-
P e e e ) e
el ; g—-ff'
e~ e” £ e~
o)

Fig. 6.

due to the so-called bremsstrahlung mechanism (see Fig. 6,0). The
total cross-sections of these processes are very large. Thus the
cross-section a,p corresponding to the double-photon mechanism is
two order of magnitude higher than the cross-section of the process
(1) in the resonance peak, see e. g. Ref. [5]. The bulk of the
background QED contributions comes irom the kinematical region
where the final electron and positron move along the direction of
the incoming beams, thereby impeding their detection. Thge final mu-
on pair has the low effective mass: Su={(p.- +pu- ) ~4m,. These ki-
nematical configurations differ essentially from that corresponding
to the process (1) near the Z°.

The contribution from the electroproduction processes can be
suppressed, e. g. by imposing the experimental cut on §,. Such a
cut can also remove the first shortcoming. The additional possibili-
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ties appear from the direct subtraction of the QED backgrounds
using the data obtained in the measurements below the Z°.

I one chooses the events corresponding to the experimental con-
traint §,> So, then the integration in formula (26) should be per-

formed up to x,,,=1— if,, and it is necessary to subtract from the

Oy Lhe terms Ao, and Aog,,, corresponding to the photon emissions
by muons in the frequency range that is not allowed due to the S,
cut.

The contribution Aoy, connected with the single photon emission,
can be obtained using the results of Ref. [33]

: (g% -
\on(d”) = T pmy $S/4"). 128)

r, + ¢ :
5t 2 S ‘i—x(l—x+:~‘2—)(ln ﬂFﬁ—l)=
i § X L

{
+9 Sﬁlnuuxj]. (34)
D X

With the required accuracy it is necessary to remain in the quantity
Aay, only the terms of order o4(q®) (iL#) , see Rel. [7]:
I

2

a?,r:z(il“__'f,“) [—lni’(r—r}+111r1n{1—f}+
!

—|—£(2+f}(—§— In{— &;u !n{l—t)) s o S “f?"lnu —,r;] . (35)
| 5

The final result is as follows: for the experimental constraint
S.= Sy the inclusive (over photons) cross-section of the process (1)
in the energy region (2) is given by eq. (26), where

Oharel0”) = 2[R+ =) — 6, ()] 0)

For Sp< M; one may neglect the terms &, 8, in eq. (36), and
formula (30) is restored. As has already been noted, to suppress
the QED backgrounds one should put SU~MZ Then one can substi-
tute into eg. (36) the values P(g°) =6.0-10"2, R(¢% =1.

In Fig. 7 we have plotted the tutal Cross- sectmn as a function of
W for M,=92 GeV, sm?{i‘w—(} 23, I';=2.55 GeV, m;=100 GeV,

MH —200 GE‘V Sﬂ— _Mf

S m(n b)

¥

= W,GeV

10—2-.-|.|.;||r;-1-|-|r
82 86 %0 94 98 10'2

Fig. 7. Total cross-section for ete~—p*u~ 4 photons near Z° as a function of W for
M, =92 GeV, sin*0y =0.23, I'; =2.55 GeV, m;=100 GeV, M, =200 GeV, Sg=%M§.
The dashed line corresponds to oo ( W?).

Let us discuss now the case of inclusive measurements when
extra- ete”-pairs are included in the definition of the process (1).
Here the using of the S; cut gains the principal importance because °
of the necessity to suppress the QED electroproduction contribu-
tions. Emphasize that in such a case the contribution Qf the
bremsstrahlung electroproduction mechanism is automatically incor-
porated into the general formula (3) (the so-called singlet part of
the structure function D (x, W?), see Ref. [21])".

Using the cut on % 8,> So>>4m;) we can rewrite the cross-sec-

) The cross-section o, for the double-photon mechanism can be naturally incor-
porated into formula (3), that is easily generalized, see Rel. [7].
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tion of the process (1) in the form

fjl—%fifim (140" —8 () —on(5)) %

Se= W41 —x). (37)

| — Sp/ W2
a( W2, Sp) = §/ dx
0

X[ (x, W2) +(x, W?)| +opp(W*, So) ,
Here with the required accuracy (cf. Ref. [21])

(x, W'ﬂ}=(%)j{ =%*7'(In %32{2—2;:“?) +

Lof2 d={
+?[3 J o=

x)*) 4(2—x) In(l—x)+ %]} U(x—— 4:;"’) w )

The double-photon contribution can be found e. g. in Ref. [5],
see eqs (4.10) {4 11).

For Sg«:ﬁ(Mz it is pm'«aible to neglect in {3?] the terms 6, 0Oyy.
For Sq~M; one may put P(g °y =6.0-10"? and omit the contribution
connected with Fy (in the energy region (2) this contribution does
not exceed 0.5% for Sp= 0.1M?).

At last for Sy= 0.4M* the contribution from the double-photon
mechanism in the region (2) is also less than 0.5%.

CONCLUSION

We have presented in this paper the analytical formulae for the

O(i) RC to cross-section of the process (1) calculated for the mi-
I

nimal SM. The numerical results are given for M, =92 GeV,
sin®0y =0.23, T, =2.55 GeV. The presented formulae correcsponding

to the different experimental conditions permit one in principle to.

provide the measurements of the Z° parameters with the accuracy
My 8Ty
AR
tainties in I'; due to the strong interaction eliects.

The approach used here for calculation of the QED efiects
(based on the use of the electron structure functions) may be ap-
plied also to calculations of the RC to the other processes, e. g.
ete —eTe , ete —vyy as well as to the analysis of the various
asymmetries in the leptonic reactions near the Z°

In the framework of this approach one may extend the applicabi-

18

(1%), which is comparable with the theoretical uncer-

’ lity of the results obtained and in particular to eliminate the con-
| straint (2).

The results may be effectively used when discussing the tiie
shapes of the possible new heavy resonances (toponium, Z’, etc.)

where the double-logarithmic parameter ﬁln‘i’j—1 might happen-to be

of the order 1,
We are indebted to E.A. Kuraev, V.D. Khovansky, L.N. Lipatov,
A. Schiller and V.G. Serbo for helpiul discussions.

; Appendix
\
| The functions Aa(K% m), As(K?% m) introduced in eq. (14) for
‘ 0<< K*<4m?® are given by (see also Refs [7, 28])
i
Beiiy :
Ao(K?, m) = —2- —+(3-|- ) n t—Q(l—f—T) § = In x; (A1)
R = e S
G et T 3( T )_\/ P8 TN
—i(2+ l) (arctg LJ (A2)
3t ! 4—t/) "’
where t= K?/m®.
The quantity 6. is the sum of fermion and boson terms.
Each fermion doublet leads to the contribution (we neglect here
the mixing):
¢ (D4,D.) o , | 1 Efo;
| i T on Ref;i{ﬂ?w’m’l)(@_ﬁr)“
¢ —nd Homy, s 1) —In ] [852@? B £ i, 2}]_
e 32 3s*c? GS‘{"E
5 e 2 (1=28%Y (0w  ndm—n-y)
R Fanpm—p € )( = )(1 e e Lo _)+

+ 5, i, l)[ (1 "I-Q"lr)( Q er T 3;2.52) i 2;22] s

o~y [ﬂrlﬂ i+ {““cﬂ L iy — 1)]} : o

ﬁ42
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Here one sums over the doublet components, Q; is the charge of the
2 -
corresponding component, T]lr‘:%‘g', Fa(x, y, 2) was introduced in
- |
Ref. [16]
l

H#x, ¢, 2) =\ dtIn (xt+y(1 — 1) —21(1 — 1)) =
0 :

1 (x—y) X
=2k SlgNp Rl (2 )y

| Yaa (;-ER"ZJF “'-). a_ >0
Z

Vay —~a_
-+ J —1—23/L:{_—} arctg ﬂ”llf,__a_, d-. = 0.0:>>0 (Ad)
N

=

where ai:(\/;i\/;:r )E—z, Fox, vy, z)zf;ﬁ’g(x, i -2).

(e
For n. <1 |
S DLy 2 Toaia0 2 (I —25% i ¢ In ¢* A5
5P = 2 leb +eb)+ 2 (1-S55)] @)
If Iny—n_|>1, then
(Duidoys o (L= I nin. n+) _ (m+e+n-)] A6
0 e [{IH_—T]__‘J = (1]_) 2 ] (99)

" It is convenient to separate in the bosonic term the Higgs boson
part

2
¢ _ @ L it Bty e 1]
o7 = 2= Re { ol me 1) o5 1 2604 (8o 2) — B L

iy a¢ (1=—25%) 1 "
it (1 3 1

. | 1]2 1) i _lu £
—+ a1, Ny, 1) W(S_HH‘T“?H) S 12;;‘.92 (I_HH(S ﬁg)) In ny

9

N 2 . R e L)} A7

 19s5'¢? (=257 in.c"+ 6s2c? 45%c* (l 3¢c? : il
20

o o

o

12.

13

14.

The remaining bosonic contribution is

.f : 64 97 _m
6 = = Re {m(ci ¢ 1) (459— B4 __) =

g 4s!
ey D (g 1y
- A2 2 1) (1—2% +4ci&mz—z 4 4—}— é—) &
e g
¥ 323 T 3::“ s wlc“} - s

8. is given by eq. (23), where |
ﬁiﬂ"':ﬁém +3{6iud‘ +ﬁif,x;|;l + 62('\:{,,1?} +ﬁévmp.} + ﬁgfnrj :
8 =364 (A9)
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